The aggregation-induced emission (AIE) phenomenon provides a new direction for the development of organic light-emitting devices. Here, we present a new class of emitters based on 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY), functionalized at different positions with tetraphenylethylene (TPE), which is one of the most famous AIE luminogens. Thanks to this modification, we were able to tune the photoluminescence of the BODIPY moiety from the green to the near-infrared (NIR) spectral range and achieve PL efficiencies of~50% in the solid state. Remarkably, we observed an enhancement of the AIE and up to~100% photoluminescence efficiencies by blending the TPE-substituted BODIPY fluorophores with a poly[(9,9-di-noctylfluorene-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,7-diyl)] (F8BT) matrix. By incorporating these blends in organic lightemitting diodes (OLEDs), we obtained electroluminescence peaked in the range 650-700 nm with up to 1.8% external quantum efficiency and~2 mW/cm 2 radiance, a remarkable result for red/NIR emitting and solution-processed OLEDs.
Introduction
Recent developments in many fields of modern science and medicine show that oligomeric and polymeric dyes absorbing or emitting in the red/near-infrared (NIR) region (650-900 nm) have great importance [1] [2] [3] . The NIR dye can be either attached as a side chain or incorporated into the oligomer or polymer backbone. The main advantages of such dyes are a high homogeneity of the resulting active layer, an enhanced processability and high stability [4] .
Among several organic fluorescent dyes, BODIPY (4,4′-difluoro-4-bora-3a,4a-diaza-s-indacene) still retains popularity due to its excellent spectroscopic features such as a high absorption coefficient, narrow absorption and emission bands, high fluorescence quantum yields in solution (Φ F >0.5), and excellent chemical and photostability [5] [6] [7] . Furthermore, the emission band can be spectrally tuned from the green to the NIR spectral range by chemical modification of the BODIPY molecular core. However, as most other organic dyes, BODIPY and its derivatives suffer from aggregation quenching and small Stokes shifts which limits their applications in organic electronics, for instance in organic light-emitting diodes (OLEDs).
A promising approach to improve the photophysical properties of BODIPY is to promote aggregation-induced emission (AIE) behavior by incorporating the most prominent member of the AIE organic luminogen family: tetraphenylethylene (TPE). The AIE-active luminogen shall improve the solid-state emission properties of BODIPY by overcoming the aggregation-caused quenching (ACQ) problem while maintaining the already mentioned advantages of the BODIPY chromophore [8] [9] [10] [11] [12] [13] . Design and application of AIE luminogens are a hot research topic since the AIE phenomenon was first reported in 2001 by Tang and coworkers [14] . AIE luminogens are poorly emissive in dilute solutions but form highly emissive aggregates in the condensed state, e.g., either by addition of a non-solvent or in the solid state. The AIE effect is mainly due to the propellershape structure of the luminogens, which cause restriction of intramolecular rotations upon aggregation [15] .
To our best knowledge, only few articles [16] [17] [18] [19] [20] [21] [22] [23] have investigated the substitution of BODIPY with varying numbers of AIE active aryl substituents in different positions, with substitution in 8-position of BODIPY allowing for the most distinct variation of the aggregated state emission.
In this context, our study provides a systematic investigation of substitution effects (alkyl substituents, number of TPE groups) and their consequences on the OLED performance. The materials exhibit Φ F reaching up to 50% in the solid state as neat thin films and up to 100% when embedded in a blend with poly[(9,9-di-n-octylfluorene-2,7-diyl)-alt-(benzo [2, 1, 3] thiadiazol-4,7-diyl)] (F8BT). By sandwiching such blends between conventional electrodes, we obtained OLEDs exhibiting electroluminescence (EL) peaked in the range 650-700 nm, with up to 1.8% external quantum efficiency (EQE) and 2 mW/cm 2 radiance, which are among the highest values reported so far for fully solution-processed red/NIR emitting OLEDs not leveraging phosphorescence.
Experimental

Synthesis
The starting materials (2-bromo-1,2-diphenylvinyl) benzene and 4-formylphenylboronic acid were obtained from commercial suppliers and used without further purification. The obtained triphenylvinylbenzaldehyde (1) was condensed with the corresponding pyrrole in the presence of trifluoroacetic acid (TFA), followed by oxidative dehydrogenation with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and complexation with boron trifluoride diethyl etherate (BF 3 :OEt 2 ) to give the corresponding mono-TPE-substituted BODIPYs (TPEBDP1-2-3). To obtain triple-TPE-substituted BODIPYs, mono-substitutedBODIPYs were reacted with NBS and yielded the corresponding 2,6-dibromo derivatives. In microwave assisted Suzuki couplings, the 2,6-dibromo-substituted BODIPY derivatives are coupled with boronic ester-substituted TPE into 2,6,8-tri-TPE-substituted BODIPYs (3TPEBDP1-2-3) (Scheme 1). For detailed information about procedures see the Supporting Information online.
Optical characterization
AIE characterization. To understand the AIE features of the materials, their luminescent behavior upon aggregation in aqueous media were investigated by photoluminescence (PL) spectroscopy. Photoluminescence was collected from a Horiba Fluoromax-4 spectrofluorimeter and excitation wavelength for each sample indicated in Section 3.1. For the preparation of samples, dry tetrahydrofuran (THF) was selected as good solvent while water was selected as aggregation-inducing non-solvent. Stock solution were prepared. Aliquots of the stock solution were transferred to 10 mL vials and appropriate amounts of THF were added with a micropipette. Then, water was added dropwise to each vial with increasing fraction (between 0-90 vol% water). The final mixture concentrations were fixed to 10 −6 M. PL measurements of 10 samples for each compound were performed immediately.
Thin film preparation and optical characterization. Thin films were spin-casted onto fused silica substrates from 10 mg/mL toluene solutions. The films were deposited via spin-coating to obtain a thickness of~100 nm, measured with a Dektak profilometer (USA). Photoluminescence was collected from an Andor Shamrock 163 spectrograph coupled with an Andor Newton EMCCD (UK). The photoluminescence quantum yield (PLQY) experiments were carried out using an integrating sphere setup. For all PL experiments, samples were excited by using 450 and 520 nm laser diodes (average power below 1 mW). Time-resolved PL measurements were carried out with a time-correlated single photon counting (TCSPC) spectrometer as previously reported [24] .
OLEDs fabrication and characterization
OLEDs were fabricated by sandwiching the AIE films between indium-tin oxide (ITO)/PEDOT:PSS anodes and Ca/ Al cathodes. ITO substrates were cleaned with acetone and isopropanol in an ultrasonic bath and treated in an O 2 plasma chamber for 10 min. A 40 nm layer of PEDOT:PSS (Sigma Aldrich, USA) was spin-coated at 5000 r/min from a 2.8 wt % dispersion in water and annealed at 150°C for 10 min. The active layer was spin-coated on top of the annealed PEDOT:PSS in N 2 environment from the same 10 mg/mL toluene solutions used for the optical characterization in the solid state. A Ca/Al (30/200 nm) cathode was thermally evaporated on top. The samples were then encapsulated with a UV curable epoxy resin (OSSILA E132) and measured in air using a Keithley 2400 source meter (USA) for both the current measurement and the voltage supply. The optical output of the polymer light-emitting diode (PLEDs) was measured with a calibrated silicon photodiode and the EL spectra were collected with the same spectrometer employed for the PL experiments.
Results and discussion
Aggregation-induced emission characterization
The photoluminescence spectra of TPEBDPx and 3TPEBDPx series were investigated in THF/water mixtures with increasing water fraction (in vol%). By this method, solvent polarity and, corresponding, amount of aggregation were fine-tuned.
The PL spectra of mono-TPE-substituted BODIPYs (TPEBDPx) are shown in Figure 1 . TPEBDP2 and TPEBDP3 in THF solutions have an emission around 530 nm (excitation wavelength: 511 nm) due to BODIPY core. With gradual addition of water into THF, the emission is reduced and bathochromically shifted to 609 nm for TPEBDP2 and 640 nm for TPEBDP3. Such a large bathochromic shift of PL can also be visually perceived by the color change of solutions, both under daylight and UV illumination ( Figure S1 , Supporting Information online). TPEBDP2 has already been reported by Tang et al. [16] , who investigated also the effect of solvent polarity and temperature on the emission. Namely, they demonstrated that the spectral changes upon increasing solvent polarity can be explained by the AIE effect and the concomitant formation of twisted intramolecular charge-transfer (TICT) states. As shown in Figure S4 , TPEBDP3 emission shows a trend similar to the one reported by Tang when measured in solvents with different polarity. Furthermore, for both TPEBDP2 and TPEBDP3, the molecules start to show the AIE effect at 80 vol% water (Figure 1(d) ). However, the starting emission intensity is not fully recovered to its highest value at 90 vol% water.
In case of TPEBDP1 (Figure 1(a) ), the emission in THF is peaked at~670 nm (excitation wavelength: 501 nm). As the water content is increased, the intensity of emission first decreases. Starting from 80 vol% water TPEBDP1 shows an obvious AIE effect with a weak blue-shift of the emission (λ max em : 658 nm). It is likely that the lack of alkyl substituents promotes the formation of aggregates at higher water contents. The maximum of fluorescence is achieved for 90 vol% water. The PL spectra of the three tri-TPE-substituted BODIPYs (3TPEBDPx) are shown in Figure 2 . The emission maxima in THF are observed at 689, 646, and 648 nm, respectively. With gradual increase of water content in the THF/water mixture, PL intensities decreased up to 60 vol%, 40 vol%, and 50 vol% water fractions respectively for 3TPEBDP1-2-3. Continued water addition causes aggregate formation which results in increased PL intensities with reaching the highest value at 90 vol% water. The PL intensity of the aggregated samples (90% water) is ca. 1.53 times higher for 3TPEBDP1, if compared to pure THF solution, 1.50 times higher for 3TPEBDP2, and 1.40 times higher for 3TPEBDP3, thus showing a clear, but moderate AIE effect (Figure 2(d) ).
The addition of two extra TPE units to the TPEBDPx series induces a more pronounced AIE effect, as expected due to the increased number of rotor units if compared to the mono-TPE-substituted analogues.
Optical properties in the solid state
The solid-state absorption and photoluminescence properties of the TPEBDPx and 3TPEBDPx series was carried out with thin films deposited from 10 mg/mL toluene solutions by spin coating. Toluene as solvent allows to obtain uniform films. Homogeneity of the emitting layer is indeed an important prerequisite to fabricate efficient light-emitting devices. The absorption and PL spectra of these films are presented in Figure 3 .
The absorption spectra of the mono-TPE substituted molecules (TPEBDPx) are dominated by the absorption component of the BODIPY moiety peaking at~520 nm. Most likely due to aggregation, we also observe a broadening and a 10 nm red-shift of these bands when moving from solution to film. Whereas in solution TPEBDP2 and TPEBDP3 exhibit a PL emission peaked at 525 nm with full width at half maximum (FWHM) of only 30 nm, which is typical of 2,6-unsubstituted BODIPYs [25] , the PL spectra from the corresponding spin-casted films exhibit broad PL spectra with maxima at 615 nm for TPEBDP2 and 650 nm for TPEBDP3. Such a substantial (>100 nm) Stokes shift is most likely the result of aggregation in the solid-state, in analogy to what is observed in water:THF solutions with large water (non-solvent) percentages (Figure 1 ). Regarding the α-unsubstituted TPEBDP1, we note that both solution and film present a PL peaking at 670 nm.
Looking at the tri-TPE substituted molecules (3TPEBDPx), we observe a substantial red-shift of the absorption and emission spectra compared to the TPEBDPx series, reaching up to 120 nm for 3TPEBDP1. Furthermore, in contrast to what is observed with TPEBDP1-2-3, both absorption and emission spectra of the 3TPEBDP1-2-3 molecules in the solid state ( Figure 3 ) are only slightly redshifted (10-20 nm) and broader compared to those measured in solution. Namely, the absorption spectra are dominated by a broad band in the 500-650 nm spectral region and maxima at 580 nm for 3TPEBDP2 and 3, and in the 550-700 nm range with maximum at 635 nm for 3TPEBDP1. Concerning the PL, spectra measured from 3TPEBDP2 and 3 films peak at 670 nm, whereas the PL of 3TPEBDP3 shows a maximum in the NIR at 720 nm.
To verify the presence of AIE effect, we measured also the PL quantum efficiency Φ F of each film and collected the corresponding values in Table 1 .
With the exception of 3TPEBDP1, all oligomers show similar or slightly higher Φ F for the solid-state films if compared to the solution values. Notably, 3TPEBDP2 and 3 in the solid-state show Φ F of 39% and 48%, respectively, which are relatively high and not easily attainable with conventional molecular chromophores when spin-coated from solution as neat films. For completeness, we report in Figure S10 and Table S2 (Supporting Information online) also the PL spectra and corresponding Φ F obtained from films deposited from THF solutions. By comparing the spectra from the films obtained from toluene ( Figure 3 ) and those obtained from THF ( Figure S10 ), no major variations can be detected. Furthermore, for TPEBDPx molecules, the Φ F values reported in Table S2 for the films spin-coated from THF are similar to those obtained from toluene (Table 1) . On the contrary, due to additional TPE units for the 3TPEBDPx dyes, we note a remarkable variation, especially for the most For the PL experiments, samples were excited with a 520 nm laser diode (average power <1 mW) (color online). Table 1 PL quantum efficiency (Φ F ), highest occupied molecular orbital (HOMO) and lowest occupied molecular orbital level (LUMO) energy levels. PL efficiency values are to be considered with a 10% uncertainty on the absolute value. For the PL efficiency experiments, samples were excited with a 520 nm laser diode (average power below 1 mW). HOMO values were determined by atmospheric pressure photo-electron spectroscopy (AC-2), LUMO=Eg(opt) −HOMO(AC-2), See Eg(opt) values in Table S2 Compound 
Aggregation-induced emission in F8BT blends
Given that we obtained the highest PL efficiencies from the 3TPEBDPx series, with 3TPEBDP2 and 3 benefitting from the AIE effect in the solid-state, we decided to focus on these materials to fabricate OLEDs. Furthermore, 3TPEBDPx molecules, here presented for the first time, are attractive also because a good fraction of their emission (78%, 43% and 35% for 3TPEBDP1, 2 and 3, respectively) is in the NIR (>700 nm). In this spectral range, PL efficiencies up to 50% in the solid state (Table 1) are, in general, difficult to achieve, mainly due to ACQ and the so-called "Energy-gap law" [26] .
To maximize the performance of the final devices, we incorporated the 3TPEBDPx molecules in a solid-state blend with F8BT, as well-established green emitting semiconducting polymer [2] . Among the plethora of commercially available semiconducting polymers, we selected F8BT as polymer host for mainly two reasons: first of all, its emission perfectly overlaps with the absorption of 3TPEBDPx, thereby affording efficient energy transfer to the red/NIR emitting moieties. Secondly, and most importantly, the HOMO (−6.0 eV) and LUMO (−3.3 eV) of F8BT enable the formation of a "so-called" type I or straddling heterojunction when blended with 3TPEBDPx molecules, whose energies of the frontier molecular orbitals are collected in Table 1 . Namely, the 3TPEBDPx narrower energy bandgap is completely encompassed by the F8BT larger one, so as to form a straddling heterojunction, which favors exciton localization and prevents exciton dissociation.
Prior to integration of the blends into OLEDs, we characterized the optical properties of such solid-state mixtures, also to identify if the AIE effect is conserved. To this aim, we investigated different concentrations of 3TPEBDPx molecules in F8BT, to find out that the best results in terms of quenching of the residual F8BT emission and PL efficiency are obtained, for all 3TPEBDPx moieties, from 3TPEBDPx: F8BT blends with 1 w/w% of 3TPEBDPx loading. The absorption and corresponding emission spectra of such films are illustrated in Figure 4 , whereas Φ F values are collected in Table 2 .
By looking at the absorption spectra in Figure 4 , we note that the extinction profile is dominated by the F8BT absorption. Nonetheless, at only 1 w/w% of 3TPEBDPx concentration, the emission from the F8BT host is almost completely quenched for all three combinations, thanks to the efficient resonant energy transfer from the polymeric host to the emitters. Among the three molecules, 3TPEBDP1 is the one in which the ratio between the F8BT and acceptor PL is higher.
However, not only is 3TPEBDP1:F8BT the blend exhibiting the most prominent green emission from the host, but also, looking at Table 2 , 3TPEBDP1:F8BT films are those exhibiting the lowest Φ F . This means that, although Φ F values increase from 10% to 47% when embedded in F8BT (Table 2) , aggregation quenching affects the 3TPEBDP1 PL performance also when in blend with F8BT and prevents the attainment of higher PL efficiencies. On the other hand, 3TPEBDP2 and 3TPEBDP3 1 w/w% blends display Φ F~1 00%, and almost no residual green emission from Table 2 PL quantum efficiency (Φ F ) of neat films and 0.1 and 1 w/w% 3TPEBDP1:F8BT blends, PL lifetime and calculated radiative (k R ) and non-radiative (k NR ) rate. PL efficiency values are to be considered with a 10% uncertainty on the absolute value. For the PL efficiency experiments on the blends, samples were excited with a 450 nm laser diode (average power below 1 mW) to selectively excite the F8BT matrix F8BT. We tested also higher doping levels for 3TPEBDP2 and 3TPEBDP3 (up to 50 w/w%), but we observed a decrease of the efficiency when the 3TPEBDPx content exceeded 1%. Therefore, we conclude that the 1% 3TPEBDP2 and 3TPEBDP3 concentration is optimal for maximizing both the PLQY and energy transfer from F8BT. We have also measured the PL decay lifetimes of both the bare 3TPEBDPx films and blends. The evolution of the PL decay at varying 3TPEBDPx concentration is illustrated in Figure S6 , whereas the decay lifetimes (τ) and the radiative (k R ) and non-radiative (k NR ) decay rates are reported in Table 2 . We obtained k R and k NR via the relations Φ F =k R /(k R +k NR ) and τ=1/(k R +k NR ). Importantly, we note that the k R and k NR values reported in Table 2 for the blends are probably less accurate compared to those of the neat films, as part of the emitted photons that account for the corresponding Φ F originate from the unquenched F8BT matrix (Figure 4) . However, such an approximation in the calculation of k R and k NR is reasonably plausible, given the substantial increase of τ and Φ F when 3TPEBDPx molecules are embedded in F8BT.
Looking first at the neat 3TPEBDPx films, Table 2 shows that k R for 3TPEBDP1 is about half compared to the one of 3TPEBDP2 and 3TPEBDP3. Such a lower radiative rate further supports the discussion above, confirming that intermolecular interactions, and therefore ACQ, are more effective in 3TPEBDP1 films compared to the others. Furthermore, 3TPEBDP1 films also show non-radiative rates that are more than twice as high compared to the other compounds. This suggests a limited AIE-induced enhancement of 3TPEBDP1 PL efficiency, at least in the solid state.
Moving to the blends, as suggested already from the increasing Φ F , the AIE-effect is verified for all systems, i.e., k NR is reduced to a much larger extent compared to k R . For 3TPEBDP2 and 3TPEBDP3, this conclusion is somehow trivial, given that the Φ F in F8BT is~100%, undoubtedly meaning that all non-radiative exciton recombination processes, including intermolecular rotations, are precluded more efficiently than in the neat films. However, it is worth highlighting that, although k NR~0 , also k R decreases by a factor of about two, suggesting that intermolecular interactions, either in the ground state or in the excited state (excimer or exciplex formation), are probably enhanced in the blends compared to the neat film.
Concerning F8BT:3TPEBDP1 blends, k NR is reduced even more dramatically from 1.3 ns −1 down to 0.2 ns −1 , meaning that the effectiveness of the non-radiative processes responsible for the quenching of the Φ F of 3TPEBDP1 from 47% in solution to 10% in film (Table 1) is mitigated when 3TPEBDP1 is diluted in a F8BT matrix. On the other hand, k R exhibits only a slight increase from 0.15 to 0.17 ns −1 in the 1% blend, although the residual F8BT emission might also account for such a little variation compared to the factor of two decrease of k R observed for 3TPEBDP2 and 3TPEBDP3. This results also mean that, in analogy to what is observed for 3TPEBDP2 and 3TPEBDP3, dilution in F8BT does not suppress intermolecular interactions between 3TPEBDP1 molecules. Besides, electronic interactions between 3TPEBDPx and F8BT chains cannot be ruled out either.
OLEDs
Finally, given the extremely high PL efficiencies we obtained from the F8BT:3TPEBDPx blends, we used them to fabricate OLEDs, with the architecture and deposition techniques described in the experimental section. The electroluminescence (EL) spectra of such blends are reported in Figure 4 , whereas the density-voltage-radiance (JVR) and external quantum efficiency (EQE) versus current density curves are reported in Figure 5 . OLEDs characteristics are summarised in Table 3 .
By looking at Figure 4 , we observe that EL spectra of the blends show only a slight (~5 nm) blue-shift compared to the PL ones. Furthermore, as for the PL, the EL from the F8BT host is efficiently quenched in favor of the red/NIR emission from the 3TPEBDPx dopant. In terms of device performance, we obtained the best efficiencies from the F8BT:3TPEBDP2 blend, which exhibited an average EQE of 1.47%, with a peak value at 1.82%. Such values are remarkably high, considering that we achieved them from solution-processed devices, not optimized for charge injection/transport and photon out-coupling. Moreover, the maximum radiance reaches up to 2 mW/cm 2 with F8BT:3TPEBDP2 devices, with a turn-on voltage as low as 3 V.
Although slightly less efficient (maximum EQEs up to 1.3%), also devices incorporating the F8BT:3TPEBDP3 blend exhibited radiances up to 2 mW/cm 2 , and V ON~3 V. Notably, whereas the EL V ON of both F8BT:3TPEBDP2 and F8BT:3TPEBDP3 blends match the one of the neat F8BT devices (Figure S11 ), the EQE and radiance values reported in Table 3 exceed those we measured from the undoped F8BT OLEDs, for which the maximum EQE and radiance we measured are 0.86% and 1.1 mW/cm 2 , respectively.
Conclusions
In summary, we have synthesized red/NIR emitting mono-TPE-substituted and tri-TPE-substituted BODIPY derivatives and investigated their AIE properties. Due to the high solid-state emission of tri-TPE-substituted materials, OLED devices performed and attained EQE values exceeding 1% from NIR emitting 3TPEBDP1-2-3/F8BT blends as "metalfree" active layer. To the best of our knowledge, such efficiencies, together with low turn-on voltage (2.5-4 V) and radiances reaching up to 2 mW/cm 2 , are unprecedented for AIE OLEDs emitting in this spectral range (600-800 nm) and fabricated via solution processing. Further optimization can lead to progresses of these emitters for the use of biomedical and communication purposes. 
